Summary. Apatites containing Na, Mg, and CO3 in amounts occurring in tooth enamel mineral were synthesized by precipitation from aqueous solutions. The X-ray diffraction patterns showed only apatitic reflections, which were somewhat broader than those of enamel. X-ray Guinier photographs resulted in diffuse reflections from which the lattice parameters could not be determined. The infrared (IR) absorption spectrum of the synthetic samples was practically identical with that of tooth enamel. However, after heating the samples for V2 h at a temperature between 300 and 600~ no absorption peak was found at 2340 cm -1 as in the IR spectrum of tooth enamel after heating.
tended and revised, and some of the resulting apatites were compared with tooth enamel mineral. This comparison was focused on chemical composition, lattice parameters, and IR absorption spectra. The latter were determined not only of samples as synthesized, but also after heat treatment at temperatures between 200 and 900~ since such heat treatments result in a specific absorption at a wavenumber of 2340 cm ' for tooth enamel [4, 6] .
Materials and Methods
The method of LeGeros (1967) for synthesis of the apatites was used with modifications as follows. Synthetic carbonatedapatites were prepared by precipitation under conditions of closely controlled temperature, time, and pH [7] . Sodium phosphate solution was dripped into stirred calcium nitrate solution under a reflux condenser at 92 _+ I~ and pH 9-10 during 2 h. Carbonate was added to both solutions at 5-25 mmol/liter. Magnesium was likewise added to each solution at 0.33 or 1.37 retool/liter as magnesium nitrate. After the 2-hour reaction, the temperature was raised to 100~ and the system refluxed for 2 hours, then the precipitate was washed and dried. Carbonateonly apatites were also produced using the same procedure.
Chemical analysis was carried out with the following methods. The apatites were analyzed for Ca, Na, and Mg by atomic absorption using a Perkin Elmer 403 spectrophotometer and appropriate precautions against interference. Phosphate was analyzed for by the molybdate method and fluoride by specific ion electrode. Carbonate was estimated from the IR spectra using the ratio of the extinctions of the carbonate band at about 1415 cm 1 (E,4,.0 to the phosphate band at about 575 cm ' (E57~), and comparing this with a standard curve derived from known carbonated-apatites, previously analyzed by precise (_+2%) gas solid chromatography [8] . This IR method gives carbonate values with an accuracy of better than _+5% and is based on similar methods used by LeGeros [5] and Arends and Davidson [9] . Details are given elsewhere ll0].
The phase composition of the samples was checked with a General Electric X-ray powder diffractometer and subsequently 0171-967X/83/0035-0169 $01.00 on a Philips powder diffractometer using a Ge internal standard. This method was also suitable to determine relative shifts in the lattice parameters by measuring shifts in the position of the reflections for the lattice parameter a and the reflections for the lattice parameter c. Good diffraction patterns were obtained using a well compacted thick layer, which produced sharp peaks from which lattice parameters could be calculated.
The samples were also subjected to X-ray diffraction in a Philips Guinier camera (type XDL 700) to obtain accurate values for the lattice parameters. Cu K,~ radiation was used for an exposure time of 8 h on single-coated film. Corundum (~-AI~O~) was used as an internal standard so that the camera constant could be calculated per sample. The position of distinct reflections could be determined from the densitometer tracing of the X-ray film. A least-squares calculation on these positions produces the best fitting values for the lattice parameters a and c.
Infrared absorption spectra were determined with the KBr pellet technique in a Perkin Elmer Infrared Spectrophotometer type 457. Spectra were obtained from the samples as synthesized and after heating for ~/2 h in air at a temperature of either 200, 300, 400, 500, 600, 700, 800, or 900~ Special attention was given to absorptions at 2340 cm -~ (origin unknown, see discussion), 628, and 3575 cm-' (OH), 880, 1450, and 1545 cm 1 (A type carbonate) and 873, 1412, and 1465 cm l (B type carbonate). Similar IR spectra were obtained from human tooth enamel.
Results
Samples used in the present study were chosen from a comprehensive series of carbonated apatites precipitated in the presence of magnesium, reported elsewhere by Mayer and Featherstone [11] . The Mg, Na, and CO3 contents were chosen to be in the ranges found for these in dental enamel. Table 1 summarizes their chemical composition. These samples were used for consecutive investigations.
X-ray diffraction patterns obtained with the X-ray powder diffractometer showed only apatitic reflections, which were relatively broad compared with those of apatite samples synthesized by solid-state reactions at high temperatures [12, 13] and even compared to tooth enamel [14, 15] , but were typical of carbonated apatites produced by aqueous precipitation [7, 8] . The lattice parameters a and c as derived from calculations from these patterns are given in Table 1 .
Attempts to determine accurate values for these lattice parameters with the Guinier camera failed completely. The apatite patterns were so diffuse that no distinct reflections could be observed, although the pattern of corundum used as the internal standard was very sharp, as usual [12, 13] .
In the IR absorption spectra of the synthetic samples, the peaks at 628 and 3575 cm -~ were weak as in tooth enamel, whereas the pattern of CO3 peaks was also very similar to that of tooth enamel: Atype carbonate was weak and B-type very strong. After heating in the range from 300-600~ A-type carbonate increased and B-type carbonate de- PO 4 absorption pattern between 1000 and 1150 cm -~ to split up, indicating the formation of a fi-TCP (tertiary calcium phosphatej. This could be confirmed with X-ray diffraction. The IR absorption behavior of tooth enamel after heat treatment was very similar except for the thct that the IR spectra of tooth enamel heated at temperatures of 300-700~ contained a clearly observable peak at 2340 cm 1. The spectra of the synthetic samples did not show any sign of an absorption peak there.
Discussion
The 1R spectrum of the synthetic samples at room temperature and after heating was qualitatively indistinguishable from that of tooth enamel except for the absorption peak at 2340 cm -1 after heating tooth enamel in the range of 300-600~ This peak has also been observed by Holcomb and Young [6] who interpreted it as an absorption by intermediary molecular CO2, formed when B-type carbonate is transformed into A-type carbonate. They derive this interpretation from the work of Dowker and Elliott [16] , who found a similar absorption in heated samples of synthetic carbonated apatites. However, as mentioned by Driessens and Verbeeck [4] , this interpretation may not be correct for tooth enamel, as Santos [17] found this same peak in the IR spectrum of heated samples of carbonate-free synthetic whitlockite.
The diffractometer tracings of the synthetic samples were also very similar to those of tooth enamel, though they had somewhat more broadened and weaker peaks. This might be due to a smaller particle size, but could additionally be caused by intracrystalline strains. The lattice parameters a and c calculated from these diffractometer tracings and mentioned in Table 1 show differences with similar values derived from diffractometer tracings of tooth enamel. These differences may be related to the fact that the CI ions contained in tooth enamel and not in the synthetic samples have a marked influence on the lattice parameters, especially the a-axis parameter [18, 19] .
The X-ray diffraction patterns obtained from the synthetic samples were similar to those of samples taken from the deeper layers of tooth enamel from freshly erupted teeth [14] . Reflections in the Guinier camera were very broad and not distinct so that their position could not be estimated. However, samples of tooth enamel taken from older teeth give distinct reflections with the Guinier technique [15] and thus are not comparable with the synthetic samples of the present study. The diffuseness of the Guinier pattern for these latter samples is probably due not so much to a small particle size, but to inhomogeneities and resulting strains within the particles. Such inhomogeneities were shown by Nelson [20] , using high resolution transmission electron microscopy, to occur in Na-and Co:j-containing apatites prepared in a similar way. For this reason, it is not clear whether they are single-phase apatites or epitactical mixtures of more than one apatite. Similar suggestions were made for the mineral of tooth enamel by Driessens [21] and Driessens and Verbeeck [4] .
This study supports the hypothesis that dental enamel mineral contains not only Na and CO3 but also Mg ions within its apatite-like structure. However, it does not distinguish between the possibilities that the mineral consists either of a single phase or of 2 or more apatite phases in an epitactical mixture.
